Rhodococcus equi is an important cause of pneumonia in young horses; however, adult horses are immune due to their ability to mount protective recall responses. In this study, the hypothesis that R. equi-specific cytotoxic T lymphocytes (CTL) are present in the lung of immune horses was tested. Bronchoalveolar lavage (BAL)-derived pulmonary T lymphocytes stimulated with R. equi lysed infected alveolar macrophages and peripheral blood adherent cells (PBAC). As with CTL obtained from the blood, killing of R. equi-infected targets by pulmonary effectors was not restricted by equine lymphocyte alloantigen-A (ELA-A; classical major histocompatibility complex class I), suggesting a novel or nonclassical method of antigen presentation. To determine whether or not CTL activity coincided with the age-associated susceptibility to rhodococcal pneumonia, CTL were evaluated in foals. R. equi-stimulated peripheral blood mononuclear cells (PBMC) from 3-week-old foals were unable to lyse either autologous perinatal or mismatched adult PBAC targets. The defect was not with the perinatal targets, as adult CTL effectors efficiently killed infected targets from 3-week-old foals. In contrast, significant CTL activity was present in three of five foals at 6 weeks of age, and significant specific lysis was induced by PBMC from all foals at 8 weeks of age. As with adults, lysis was ELA-A unrestricted. Two previously described monoclonal antibodies, BCD1b3 and CD1F2/1B12.1, were used to examine the expression of CD1, a nonclassical antigen-presenting molecule, on CTL targets. These antibodies cross-reacted with both foal and adult PBAC. However, neither antibody bound alveolar macrophages, suggesting that the R. equi-specific, major histocompatibility complex-unrestricted lysis is not restricted by a surface molecule identified by these antibodies.
Rhodococcus equi is a facultative intracellular bacterium with properties similar to those of Mycobacterium tuberculosis, a closely related pathogen. Both R. equi and M. tuberculosis are nocardioform actinomycetes, survive within the phagosomes of macrophages, have characteristic cell walls containing unique lipids, lipoproteins, and glycolipids, and produce pyogranulomatous lesions in the lung (16) . Whereas M. tuberculosis produces tuberculosis in humans, R. equi is a common cause of life-threatening pneumonia in young horses. R. equi is also an opportunistic pathogen in AIDS patients (29) .
R. equi is ubiquitous in the equine environment, and virtually all horses are considered exposed, likely in the first few weeks of life. Horses have a distinct age-associated susceptibility, such that equine rhodococcal pneumonia is almost exclusively a disease of foals less than 4 to 5 months of age. Even on farms where infection is endemic, a situation where a significant percentage of foals develop pneumonia and the environmental load of virulent R. equi is high, older horses do not manifest with disease. Previous research has provided strong evidence that the resistance of adult horses to R. equi challenge reflects acquired immunity and their ability to mount effective recall responses (18, 19) . Therefore, immune adult horses, like humans who have successfully contained M. tuberculosis infection, provide a valuable system for understanding the mechanisms by which infection can be controlled and pneumonia prevented. Knowledge of these mechanisms will likely be critical to efforts to design an effective vaccine.
Rhodococcal pneumonia is an immunopathologic disease. Adoptive transfer and neutralizing antibody studies have shown that mice that develop Th2 responses, characterized by production of interleukin-4 (IL-4) rather than gamma interferon (IFN-␥), develop characteristic pulmonary lesions (23) . In contrast, mice responding to infection with a Th1 response and IFN-␥ production clear a virulent challenge. As with M. tuberculosis, CD8 ϩ T lymphocytes can also contribute to immune clearance of R. equi (31) . Even transgenic mice that lack major histocompatibility complex (MHC) class II-restricted CD4 ϩ T lymphocytes significantly reduced R. equi numbers following pulmonary challenge (24) .
The immune responses most relevant to protective immunity likely occur in the lung. For M. tuberculosis, both the nature of the response and the repertoire of antigens recognized can be different in comparisons of pulmonary responses to peripheral blood responses. Likewise, the outcome of host cell infection may be different in comparisons of alveolar macrophages to blood-derived monocytes. For example, human alveolar macrophages infected with M. tuberculosis are more resistant to cytotoxic T-lymphocyte (CTL)-mediated lysis than infected monocytes (42) . When pulmonary responses to R. equi are examined via bronchoalveolar lavage (BAL), immune adult horses clear virulent organisms in association with increased numbers of CD4 ϩ and CD8 ϩ lymphocytes at the site of challenge (18) . Although pulmonary T lymphocytes from most adult horses initially have low proliferative responses to R. equi antigen, challenge induces rapid, strong responses typical of a secondary immune response. Importantly, this recall response includes production of IFN-␥ and is likely responsible for the immunity seen in adult horses (19, 27) . As described with other pulmonary pathogens, the pulmonary responses to R. equi challenge are relatively compartmentalized. Responses are more marked, and the sensitivity to antigen dose is increased at the site of infection. Blood, including peripheral blood mononuclear cells (PBMC), has been an insensitive indicator of local pulmonary responses to R. equi (18) .
More recently, research has examined the role of CTL in the immune control of R. equi (32) . Equine PBMC stimulated with antigen-presenting cells (APC) either infected with R. equi or exposed to soluble R. equi antigen (SRA) lysed R. equi-infected target cells but not uninfected targets. Killing of R. equi-infected peripheral blood adherent cells (PBAC) by effector cells was equally effective against autologous and equine lymphocyte alloantigen-A (ELA-A) (classical MHC class I) mismatched targets. Lysis was decreased to background by depletion of either CD2 ϩ or CD3 ϩ cells, indicating that the effector cell had a T-lymphocyte but not an NK-cell phenotype. Depletion of CD8 ϩ T cells also resulted in significantly decreased lysis of infected targets. These data indicate that immunocompetent adult horses have R. equi-specific CD8 ϩ CTL, which may play a role in immunity. The apparent lack of restriction via classical MHC class I molecules suggests a novel method of antigen processing and presentation, such as presentation by CD1 or other nonclassical MHC molecules.
The goal of the experiments reported here was to further examine the relevance of R. equi-specific CTL to protective immunity. We first asked whether the CTL demonstrated in the peripheral blood of immune adult horses also occur in the lung. Next, we tested the hypothesis that susceptible perinatal foals are deficient in CTL that lyse R. equi-infected cells.
MATERIALS AND METHODS
Horses. Two healthy adult horses, one Quarterhorse (H71) and one Hanoverian (H68), presently maintained in the Washington State University (WSU) Veterinary Teaching Hospital herd, were selected based on mismatched ELA-A haplotypes and previous demonstration of CTL activity against R. equi-infected targets (32) . For the experiments involving foals, six Arabian foals were selected based on age. Using previously described serologic reagents, ELA-A were determined by microcytotoxicity assay (43) ( Table 1) . Venous blood was collected from the jugular vein of each horse by using evacuated containers (Baxter, Deerfield, Ill.) containing 16 ml of anticoagulant citrate dextrose (ACD)/100 ml of blood. PBMC were isolated from venous blood using a Ficoll-Hypaque technique (43) . PBMC were then used either as effector cells or for isolation of PBAC targets (see below).
Bacteria. The virulent R. equi strain ATCC 33701 (PLϩ), which contains the 80.6-kb virulence-associated plasmid and expresses the virulence-associated protein VapA, was utilized in all experiments. Bacteria were stored at Ϫ20°C as frozen stabilates and were reconstituted prior to each experiment. Bacteria were initially grown on brain heart infusion (BHI) agar and then cultivated overnight to log phase in BHI broth at 37°C in a shaking incubator at 200 rpm. After being washed once with phosphate-buffered saline (PBS), the bacteria were adjusted to 10 7 /ml in antibiotic-free complete medium, which consisted of RPMI 1640 supplemented with 2 mM L-glutamine, 0.05 M 2 mercaptoethanol, 6.25 mM HEPES, and 10% normal horse serum (NHS; Gibco, Grand Island, N.Y.). The adjusted bacterial concentration was initially confirmed by plating serial dilutions on BHI plates and calculating the CFU per milliliter.
Bronchoalveolar lavage and cell preparation. Horses were sedated with xylazine at 0.6 mg/kg of body weight. A Bivona BAL tube was inserted through the right nostril into the trachea and wedged in place. To collect BAL cells from adult horses, three separate aliquots of 180 ml of 0.9% NaCl containing 0.84% sodium bicarbonate (BAL wash) were instilled into the lung. Following each aliquot, fluid was aspirated. Fluid was placed into 50-ml conical tubes and centrifuged for 8 min at 600 ϫ g at 4°C. Pellets were consolidated and washed three times with complete medium containing decreasing amounts of antibiotic/ antimycotic (wash 1, 1 g of amphotericin/ml [Gibco]; wash 2, 2 U of penicillin/ ml, 2 U of streptomycin/ml, and 0.1 g of amphotericin/ml [Gibco]; wash 3, antibiotic/antimycotic free). Resultant cells were plated at 4 ϫ 10 6 cells/ml on 150-cm 2 collagen/serum-coated petri dishes and incubated for 1 h at 37°C with 5% CO 2 as previously described (32) . Following incubation, nonadherent cells were collected by vigorous pipetting of the supernatant 10 times and washing again with PBS via pipetting 10 ml of PBS over the plate 10 times. Nonadherent cells (64% Ϯ 29.6% CD2 ϩ T lymphocytes and 35% Ϯ 19.5% immunoglobulin M [IgM] positive) were plated at 4 ϫ 10 6 cells/ml in 75-cm 2 vented flasks for stimulation and used as effector cells. Adherent cells were used as targets following harvesting as described below.
Effector cell preparation and stimulation. PBMC or BAL cells in 25 ml of antibiotic-free complete medium were plated in 75-cm 2 flasks at 4 ϫ 10 6 cells/ml. The cells were stimulated with 1 multiplicity of infection (MOI) of live virulent R. equi 33701 PLϩ. Following a 1-h incubation at 37°C with 5% CO 2 , 1 g of gentamicin/ml was added to kill extracellular bacteria. Culture flasks were then incubated for 5 days at 37°C with 5% CO 2 and then rested without antigenic stimulation for 2 days prior to further use. Resting consisted of washing the cells twice with antibiotic-free complete medium, counting, and plating in fresh medium containing 1 g of gentamicin/ml. Following stimulation and resting, cells were washed once, counted, and then characterized for surface marker expression by flow cytometry. Alternatively, the cells were used as effector cells in the CTL assay described below.
Target cell isolation. Autologous and ELA-A-mismatched PBAC were harvested from PBMC for use as target cells as previously described (33) . Briefly, PBMC were plated on the gelatin/serum-coated dishes at a density of 1.5 ϫ 10 8 cells/dish in 20 ml of antibiotic-free complete medium. Cells were incubated for 15 to 19 h at 37°C with 5% CO 2 . Following incubation, nonadherent cells were resuspended in the culture medium by repeated pipetting (10ϫ) and then removed by washing each plate with 10 ml of PBS and repeated pipetting (10ϫ). Adherent cells were eluted with 20 ml of antibiotic-free complete medium containing 20% (vol/vol) NHS mixed 1:1 with 10 mM EDTA for 35 min at 37°C with 5% CO 2 . The cells were then collected by vigorous pipetting of the eluting fluid 10 times followed by washing each dish twice with 10 ml of PBS per wash. Eluted cells were combined, washed once with antibiotic-free complete medium, counted, and added to 96-well plates at 10 5 cells/well in 100 l of medium. Immediately prior to adding cells, 20 l of commercial NHS was added to each well.
Adherent BAL cells were removed by covering the plates with 10 ml of Accutase (Sigma, St. Louis, Mo.) and incubating them for 10 min at 37°C with 5% CO 2 . The cells were then collected by repeated pipetting of the suspension over the plate 10 times followed by washing with 10 ml of PBS 10 times. Cells were consolidated via centrifugation at 600 ϫ g at 4°C for 15 min, washed once with complete medium via the same centrifugation, and then counted and plated in 100 l of complete medium on a serum-coated 96-well plate at 10 5 cells/well. The cells were incubated for 1 h prior to use as lung-derived target cells in the CTL assay (see below).
Cytotoxicity assay. After 1 h, each well of target cells was labeled with 50 l of antibiotic-free complete medium containing 100 Ci of 51 Cr per ml. Following 13 h of incubation, the targets were infected with 5 MOI of live R. equi bacteria by adding 50 l of antibiotic-free complete medium containing 10 7 live R. equi cells per ml. One hour postinfection, 20 l of complete medium containing 1 g of gentamicin sulfate/ml was added to each culture well to kill any extracellular bacteria. Following an additional 7.5 h of incubation, the cells were washed four times with complete medium containing 1 g of gentamicin sulfate/ml to remove extracellular 51 Cr. Effector cells were then added to target cells and incubated for an additional 4.5 h at 37°C with 5% CO 2 . Following incubation, the plates were centrifuged at 500 ϫ g for 5 min to pellet cells. One-hundred microliters of supernatant was removed, and the amount of 51 Cr was measured using a MicroBeta plate reader. The formula for the percent specific lysis is [(E Ϫ S)/(M Ϫ S)] ϫ 100, where E is the mean of three test wells, S is the mean spontaneous release from three target cell wells without effector cells, and M is the mean maximal release from three target cell wells with 3% Triton X-100 (48). As previously reported, significant lysis of infected cells was defined as 3 standard errors above the uninfected control target cells (43) .
R. equi CTL responses in foals. To characterize the R. equi-specific immune response of foals in the first 2 months of life, PBMC were collected from six foals at 3, 6, and 8 weeks of age and used as effectors in CTL assays. PBMC from foals A2197, A2198, A2201, and A2203 were collected at 3 weeks of age. To ensure that a CTL response was induced, foals A2196 and A2197 were infected intrabronchially at 6 weeks of age with a small dose (10 4 ) of virulent R. equi. Following sedation (see the BAL protocol described above), bacteria in 1 ml of BAL wash was instilled into the BAL tube, followed by 10 ml of the BAL wash and 20 ml of air. PBMC were collected just prior to infection (at the 6-week-old time point) and then again 2 weeks postinfection (at 8 weeks of age). The remaining foals were housed with their dams and presumably were naturally exposed to R. equi in their environment (41) . PBMC were also collected from the naturally exposed foals at 6 and 8 weeks of age. PBAC target cells from all foals were obtained 5 days after each effector cell collection date. Clinical parameters, including temperature, heart rate, and respiratory rate, of infected foals were monitored twice daily for 3 weeks. Lungs were simultaneously ausculted. Complete blood counts (CBC) plus fibrinogen, performed twice weekly, remained within normal limits for 3 weeks postinfection. Inoculated foals showed no signs of disease, except for mild pyrexia (less than 102.4°C) of 3 days' duration at 2 weeks postinfection.
Flow cytometry. Before and after R. equi stimulation, effector cells were labeled with a 15-g/ml concentration of either anti-equine CD8 monoclonal antibody (MAb) HT14A, anti-equine CD4 MAb HB61A, anti-equine CD2 MAb HB88A, anti-equine IgG MAb1.9/3.2 (B-cell marker), anti-equine CD172a MAb DH59B (5) (granulocyte/monocyte marker), or isotype control antibody (COLIS69A) (control for nonspecific binding) (VMRD, Inc., Pullman, Wash.). Target cells were labeled with a 15-g/ml concentration of anti-human CD1b MAb BCD1b3 subclone 1.3.1.6 (BCD1b3), 1:100 dilution of anti-guinea pig CD1 MAb CD1F2/1B12.1 (CD1F2; both CD1 antibodies graciously provided by S. Porcelli, Bronx, N.Y.), anti-equine CD172a MAb DH59B, or isotype control antibody (COLIS69A). Additional anti-CD1 antibodies, anti-guinea pig CD1 MAb CD1F2/5E3 (11, 20) (S. Porcelli), anti-guinea pig CD1 MAb CD1F2/6B5 (11, 20) (S. Porcelli, Bronx, NY), anti-bovine CD1b MAb CC-20 (28, 36) (C. J. Howard, Institute of Animal Health, Compton, Newbury, Berkshire, United Kingdom), anti-bovine CD1b TH97A (VMRD, Inc.), anti-ovine CD1b MAb 20-27 (11, 20, 28 ) (University of Melbourne, Center of Animal Biotechnology, Victoria, Australia), and anti-human CD1a MAb HI149 (17) (Biolegend, San Diego, Calif.) were also tested at previously reported concentrations. The mixtures were incubated on ice for 15 min at 4°C, washed three times, and pelleted at 4°C for 3 min at 500 ϫ g. Cells were then suspended in 50 l of (5 g/ml) fluorescein-conjugated anti-mouse immunoglobulin serum absorbed with normal human and horse sera. Cells were next incubated for 15 min at 4°C in the dark, washed two times, and suspended in 200 l of 2% formaldehyde in PBS (12) . Labeled cells were analyzed with a FACScan equipped with a Macintosh computer and Cell Quest software (Becton Dickinson Immunocytometry Systems, San Jose, Calif.). The effector cell population was analyzed before stimulation and immediately prior to testing in the CTL assay. The values were compared using a paired t test, with P Ͻ 0.05 considered significant.
RESULTS
Pulmonary CTL responses. In previous studies, PBMC were shown to lyse R. equi-infected PBAC in a classical MHC class I-unrestricted manner (32) . To determine whether a similar pattern of lysis would occur using cells from the lung (the target organ of R. equi infection), macrophages were collected from the lungs of immune adult horses. In three replicate trials using two horses, H71 and H68, PBMC effector cells stimulated with live virulent R. equi significantly lysed autologous and mismatched targets derived from the blood (Fig. 1A ) and the lung (Fig. 1B) compared to that of uninfected targets. Thus, significant lysis of infected targets occurred regardless of tissue origin or MHC haplotype of the targets (see columns with asterisks in Fig. 1 ). At the optimal E:T (effector:target) ratios, the degree of lysis appeared similar for both BAL and PBAC mismatched and autologous targets, although a statistical comparison was not done.
In addition, pulmonary effectors were compared to bloodderived effectors (Fig. 2) . As previously reported, lymphocyte numbers in BAL fluid of unstimulated immune horses were low (18) , thus limiting the number of effectors that were available for evaluation (3.8 ϫ 10 7 Ϯ 2.1 ϫ 10 7 lymphocytes before stimulation). At an E:T ratio of 1:1, both R. equi-stimulated BAL effectors and R. equi-stimulated PBMC effectors caused significant lysis of infected autologous and mismatched PBAC targets ( Fig. 2A) . Similarly, both R. equi-stimulated effectors caused significant lysis of infected autologous and mismatched BAL targets derived from the lung (Fig. 2B) . Therefore, effectors from both the blood and lung significantly lysed mismatched targets from the blood and lung. The degree of lysis of the two target cell populations (lung versus blood derived) appeared similar. PBMC cultured for 7 days with no antigen (PBMC-NA) did not induce significant lysis of infected PBAC or BAL targets, thus, R. equi stimulation was required to induce PBMC effectors to lyse infected targets, regardless of tissue origin.
R. equi-specific CTL responses in perinatal foals. To test the hypothesis that perinatal foals are deficient in R. equi-specific CTL responses, PBMC isolated from four 3-week-old foals, A2197, A2198, A2201, and A2203, were stimulated for 7 days with 1 MOI of live virulent R. equi. In the initial cytotoxicity trial using A2197, a maximum E:T ratio of 64:1 was achieved. In all subsequent trials, where poststimulation lymphocyte numbers were lower, an E:T ratio of 27:1 was used. In all foals, increasing the E:T ratio from 1:1 to either 27:1 or 64:1 did not result in a significant percentage of specific lysis mediated by R. equi-stimulated foal PBMC (Fig. 3B) . In all of the foals tested, the percentage of specific lysis was not significantly greater than that of the uninfected controls (Fig. 3B) . This was in sharp contrast to the results obtained for simultaneously in vitrostimulated adult H71 PBMC controls (Fig. 3A) , which mediated lysis of 13 to 35% at an E:T ratio of either 27:1 or 64:1. Additionally, the percentage of CD8 ϩ T lymphocytes did not significantly increase after stimulation of foal PBMC (prestimulation, 11% Ϯ 2.7%; poststimulation, 16% Ϯ 5.4%; n ϭ 4; P ϭ 0.1585; see Fig. 5 ), whereas those in the adult horse control had a significant increase after stimulation (prestimulation, 12% Ϯ 2.9%; poststimulation, 31% Ϯ 13.4%; 15 independent assays using H71; P Ͻ 0.0001).
These results suggested that there was a difference in either the foal effectors or in antigen presentation by foal PBAC targets. To assess the latter possibility, CTL assays using adult effectors against foal targets were performed. Interestingly, foal-derived infected PBAC targets were efficiently lysed (Fig.  3A) . The lysis was similar or greater than the lysis of autologous adult infected PBAC.
Development of R. equi-specific CTL responses in foals.
To further assess the development of R. equi-specific CTL activity, PBMC were collected from five foals at 6 weeks of age and four foals at 8 weeks of age. Foals A2197 and A2198 were evaluated at 3 weeks of age as well as at 6 and 8 weeks. Foal A2201 was tested at 3 and 6 weeks of age, and foal A2203 was only available for testing at 3 weeks. To ensure that CTL were stimulated in vivo, foals A2196 and A2197 were intrabronchially infected when they were 6 weeks old with a small dose of virulent R. equi. At 3 weeks of age, none of the foals had lymphocytes that significantly lysed infected autologous or mismatched targets following stimulation (Fig. 4A ). At 6 weeks of age, stimulated lymphocytes from three of five foals significantly lysed both autologous and mismatched infected targets (Fig. 4B ). At 8 weeks of age, lymphocytes from all foals stimulated with R. equi caused significant lysis of infected autologous and mismatched targets regardless of experimental or natural exposure (Fig. 4C) . The percentage of specific lysis caused by lymphocytes from foals obtained at 8 weeks was increased over those obtained at 6 weeks in three of four foals (compare Fig. 4B and C), and lymphocytes from A2198 had percentages similar to those of the adult control (Fig. 4C) . Lysis by R. equi-stimulated lymphocytes from both foals and adult horse controls was similar to that of previously observed classical MHC class I-unrestricted lysis. This type of lysis was shown to be mediated by R. equi-specific CD2 ϩ , CD3 ϩ , CD8 ϩ , CD4 Ϫ T lymphocytes in the adult immune horse (32) . Fluorescence-activated cell sorter analysis of in vitro prestimulation and poststimulation of CD8 ϩ T lymphocyte populations (Fig. 5) revealed that PBMC from 6-week-old foals (prestimulation, 10% Ϯ 0.9%; poststimulation, 24% Ϯ 3.6%; n ϭ 5; P ϭ 0.0007) as well as 8-week-old foals (prestimulation, 12% Ϯ 1.3%; poststimulation, 33% Ϯ 4.3%; n ϭ 4; P ϭ FIG. 1. PBMC from immune adult horses lyse both pulmonary-and blood-derived R. equi-infected targets. PBMC from H71 (left) and H68 (right) were stimulated in vitro for 5 days with virulent live R. equi and rested for 48 h. Stimulated effectors were then added at increasing E:T ratios to autologous and ELA-A-mismatched infected and uninfected (A) PBAC-or (B) BAL-derived targets. The asterisks indicate significant lysis compared to that of the uninfected control. Vertical bars represent the standard errors of the mean specific lysis of the replicate wells. 0.0014) respond to antigenic stimulation by R. equi in a manner similar to that of adult horses (prestimulation, 12% Ϯ 2.9%; poststimulation, 31% Ϯ 13.4%; 15 independent assays using H71; P Ͻ 0.0001).
Expression of CD1 on equine target cells. One possible mechanism of antigen presentation resulting in classical MHC class I-unrestricted lysis is through CD1 (10) . Members of the CD1 family are highly conserved across species. Notably, antibodies produced against CD1 proteins of humans, sheep, cats, cattle, and guinea pigs have all been shown to react with APC in other species (11, 20) . Thus, potential differences in surface expression of CD1 by foal and adult PBAC targets and by adult BAL cells were assessed. Following evaluation of eight CD1 MAb, two were shown to consistently bind to equine PBAC. For PBAC, a granulocyte/monocyte-specific MAb to CD172 was used to specifically gate on the monocytes in PBAC. A similar percentage of adult PBAC (65% Ϯ 17.8%; n ϭ 4) (Fig. 6A ) and 6-week-old foal PBAC (80% Ϯ 15.6%; n ϭ 6) (Fig. 6A ) expressed CD1 (P ϭ 0.17), as assessed with MAb BCD1b3. Similarly, the percentage of cells with CD1 expression as assessed with MAb CD1F2 was the same in adult (39% Ϯ 19.3%; n ϭ 14) (Fig. 6A ) and 6-week-old foal PBAC (52% Ϯ 28.5%; n ϭ 10; P ϭ 0.35) (Fig. 6A) . Data from a representative foal, A2196 at 6 weeks of age, is presented in Fig. 6B . This is the first reported evidence of CD1 expression on ex vivo equine APC. In contrast to the PBAC, however, pulmonary macrophages expressed minimal CD1 as measured by these two MAbs. BAL macrophages inconsistently expressed CD172a, so gating was performed via cellular size and granularity. Only 5% Ϯ 1.6% of BAL macrophages reacted with MAb BCD1b3 (Fig. 6A) (n ϭ 2) , and 3% Ϯ 1.4% of BAL cells reacted with MAb CD1F2 (Fig. 6A) (n ϭ 6) . Because adherent BAL cells effectively served as targets in the CTL assay ( Fig. 1 and Fig. 2) , it seems unlikely that CTL recognized R. equi-infected cells via a CD1 molecule identified by one of these two antibodies.
DISCUSSION
The concept that CTL play a role in the control of a phagosome-bound, intracellular bacterium is relatively new. Although CD8 ϩ T lymphocytes were previously considered a (35), there is now abundant evidence that the recognition and lysis of infected cells by CTL is important in limiting the disease (8, 38) . Notably, lysis of M. tuberculosis-infected cells in humans has been inversely correlated with the severity of tuberculosis (13) . In chronic M. tuberculosis infection of humans, the M. tuberculosis-specific immune response is often compartmentalized to the lungs. Higher frequency of M. tuberculosis-secreted protein Ag85-specific IFN-␥ production was shown to occur in bronchoalveolar lavage-derived cells from healthy household contacts of patients with M. tuberculosis infection than in autologous PBMC (34) . Likewise, although alveolar and bloodderived lymphocytes stimulated with M. tuberculosis purified protein derivative (PPD) and IL-2 showed equivalent lysis of blood-derived antigen-pulsed monocytes, antigen-pulsed alveolar macrophages were more resistant to lysis (42) . The immune response of R. equi-challenged immune adult horses has shown a similar compartmentalization. Whereas
CD4
ϩ and CD8 ϩ pulmonary T lymphocytes expanded with challenge, the numbers of these cells in peripheral blood were unaltered. Likewise, in contrast to pulmonary cells, which proliferated in response to a small dose (2 g/ml) of R. equi antigen, stimulation of PBMC from intrabronchially challenged adult horses proliferated only when exposed to a large dose (10 g/ml) of antigen (18) . Immune clearance of virulent R. equi in adult horses also correlated with increased numbers of IFN-␥-positive CD4 ϩ and CD8 ϩ T lymphocytes at the site of pulmonary challenge (19) . These data support a model by which immune animals clear R. equi due to an effective pulmonary recall response in which antigen-specific memory T lymphocytes expand locally in response to infection and/or migrate into the lung from the draining lymph nodes.
We recently showed that R. equi-specific CTL are present in the peripheral blood of immune horses (32) . These CTL could be identified in all adult horses examined and, interestingly, lysed R. equi-infected targets (PBAC) in a classical MHC class FIG. 3 . Stimulated PBMC effectors from adult horses, but not perinatal foals, lyse both adult horse and perinatal foal PBAC. PBMC effectors from (A) adult (H71) and (B) perinatal foals (A2197 and A2198) were stimulated in vitro for 5 days with virulent live R. equi and rested for 48 h. Stimulated effectors were then added at increasing E:T ratios to adult and foal infected and uninfected PBAC targets. In addition, all foals were ELA-A mismatched compared to the adult control. The data presented are representative of assays involving two of the four foals. The asterisk indicates significant lysis compared to that of the uninfected control. Vertical bars represent the standard error of the mean specific lysis of the replicate wells . FIG. 4 . Development of R. equi CTL activity in 3-to 8-week-old foals. PBMC effectors from (A) 3-week-old, (B) 6-week-old, and (C) 8-weekold foals were stimulated in vitro for 5 days with virulent live R. equi and rested for 48 h. In all experiments, PBMC effectors from H71 were simultaneously stimulated to serve as an internal positive control. Stimulated effectors were then added at increasing E:T ratios to autologous (foal) and ELA-A-mismatched (adult H71) infected and uninfected PBAC targets. Foals A2196 and A2197 were experimentally challenged with a small dose (10 4 CFU) of virulent R. equi by intrabronchial inoculation at 6 weeks of age. The data presented are at an E:T ratio of 27:1 for all foals, except A2197 at the 3-week time point, for which the E:T ratio is 64:1. (C) The adult horse data (H71; E:T, 27:1) were representative of the 14 assays performed for this study using H71 (8-week-old foal A2196 served as the ELA-A mismatch and foal PBAC target cell donor in this example). The spontaneous lysis in all cases was Ͻ19%. The asterisk indicates significant lysis compared to that of the uninfected control. Vertical bars represent the standard error of the mean specific lysis of the replicate wells.
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I-unrestricted fashion. Uninfected targets were not killed, and significant lysis required antigen stimulation. To determine whether or not CTL activity also occurred in the lung, three separate trials using two ELA-A-mismatched, immune horses were performed. Pulmonary T lymphocytes effectively lysed R. equi-infected targets, and as with blood-derived effectors, lysis was not ELA-A restricted. Moreover, alveolar macrophage targets obtained by bronchoalveolar lavage were effectively killed by both PBMC and pulmonary effectors. These data are consistent with a role for CTL in protective immunity to R. equi. The data also support evaluation of peripheral blood CTL as a method to further study immune responses relevant to protection. An important issue is the development of R. equi-specific CTL activity in early life, including its correlation with susceptibility and age-associated resistance. Foals that develop rhodococcal pneumonia are likely infected in the first few days to weeks of life, and all foals are presumably exposed (22) . The understanding of the neonatal immune system is rudimentary at best, regardless of the species. In general, though, neonatal cell-mediated responses are thought to be Th2 biased (1, 3, 4) . Given that rhodococcal pneumonia occurs when a Th2 immune response is induced, the Th2 bias of neonates is clearly a potential reason that foals are uniquely susceptible. However, many studies have revealed contradictory responses of neonates to antigen exposure, varying from limited to adultlike. The reaction is largely immunogen dependent, and recent evidence indicates that neonatal T lymphocytes can be induced to produce Th1 cytokines. Specifically, with increased costimulation, adult levels of Th1 cytokines are induced (2). Thus, an intrinsic inability of neonatal T lymphocytes to respond to antigen in an adult-like manner may not be present. Nevertheless, natural exposure to intracellular bacterial pathogens typically induces a Th2 response in neonates. These Th2-type responses are invariably associated with poor CTL activity (2) . However, similar to Th1 reactions, activation of adult-like CTL responses can be achieved in neonates by methods such as DNA vaccination, reducing the antigen dose, and immunizing with complete Freund's adjuvant (2) .
The present study is the first to examine CTL in immunocompetent foals and is notably the first to associate acquisition of R. equi-specific CTL activity with the well-known, age-associated development of resistance to rhodococcal pneumonia. As predicted, CTL activity was deficient in the youngest foals examined (3 weeks of age). This observation coincides with the period of time during which foals are first exposed and presumably infected due to being born and raised in a contaminated environment. At 6 weeks of age, some foals had developed R. equi-specific CTL activity, although the specific lysis was always less than that of the adult horse control that was run simultaneously (data not shown). In addition, significant ex vivo expansions of CD8 ϩ cells occurred in R. equi-stimulated PBMC derived from 6-week-old foals. As with adults, killing of R. equi-infected targets was not ELA-A restricted. These finding are compatible with the acquisition of CTL in association with development of protective immune responses due to natural exposure and immunologic maturation.
At 8 weeks of age, all foals in this study had significant R. equi-specific CTL activity. There was no detectable difference between the foals that had been intrabronchially challenged with virulent R. equi versus foals that had not been experimentally challenged. This result may be due to small sample size (only two control and two challenged foals were examined) or to the low dosage of the challenge. The dose was intended to induce immune responses and not produce disease, but it could have been insufficient for either. More importantly, all foals may have already been responding effectively to natural exposure, as three out of five foals showed significant, albeit modest, CTL activity at 6 weeks of age. Importantly, none of the foals examined in these experiments developed rhodococcal pneumonia. It would be interesting to study a larger number of foals on a farm where infection is endemic to determine if a failure or delay in development of CTL is predictive of foals that develop clinical disease versus immune clearance.
Several important issues remain regarding R. equi-specific CTL activity in horses. Among these are the mechanisms by which R. equi-infected cells are recognized, the specific antigens recognized, and the method of antigen presentation. Based on cell surface markers, our previous study indicated that the effector cells are primarily CD8 ϩ T lymphocytes (CD2 ϩ , CD3 ϩ ) and not natural killer cells. There may also be a subpopulation of CD8 Ϫ CD4 Ϫ (double-negative) CTL (32). One possible explanation for classical MHC class I-unrestricted cytolysis due to CD8 ϩ or double-negative T lymphocytes is recognition of lipid or glycolipid antigen presented via CD1 molecules. CD1 is a minimally polymorphic family of MHC class I-like glycoproteins expressed on the surface of mammalian APC in association with ␤ 2 microglobulin (6, 9). CD1 molecules, which have a variety of isoforms in different species, have been shown to be important in the presentation of unique lipid or lipid-modified antigens of M. tuberculosis, including the M. tuberculosis cell wall antigens lipoarabinoman-
FIG. 5. PBMC effector CD8
ϩ T-lymphocyte populations in 6-and 8-week-old foals expand in vitro, similar to adult PBMC following R. equi stimulation. Prestimulation and after R. equi stimulation, PBMC populations from 3-, 6-, and 8-week-old foals were evaluated and compared for surface expression of CD8 and CD4 molecules. Four 3-week-old foals, five 6-week-old foals, and four 8-week-old foals were evaluated. The asterisk indicates significant difference at P Ͻ 0.05 compared to the prestimulation control (6-week-old foal CD8 ϩ , P ϭ 0.0007; 8-week-old foal CD8 ϩ , P ϭ 0.0014; 8-week-old foal CD4 ϩ , P ϭ 0.0402). Vertical bars represent the standard deviation.
nan and mycolic acid (7, 37) . Related cell wall antigens have been characterized in R. equi, including at least one that crossreacts with M. tuberculosis (16, 30, 40) .
Based on the reported conservation of CD1 molecules across species, we examined a panel of previously described anti-CD1 antibodies for cross-reactivity with equine APC using flow cytometry. The expression of CD1 was also compared with susceptibility to lysis by R. equi-specific CTL. The two CD1 MAb found to cross-react with surface molecules in the horse had been previously shown to bind several CD1b isoforms (CD1b2, CD1b3, and CD1b4) and the CD1c isoform CD1c3 in the guinea pig, suggesting that these or related isoforms also occur in the horse (20) . CD1b was the isoform most commonly associated with presentation of M. tuberculosis lipid antigens (7, 37) . In contrast to recent reports in which human neonatal cord cells lacked CD1 expression and had decreased CD1 expression poststimulation (26) , perinatal and adult horse PBAC expressed similar levels of CD1. Therefore, a relative lack of expression, at least for these molecules, does not appear to play a role in either the perinatal susceptibility to rhodococcal pneumonia or the absence of R. equi-specific CTL at 3 weeks of age. More importantly, equine alveolar macrophages, which are as susceptible to lysis by R. equi-specific CTL as PBAC, expressed minimal levels of the CD1 molecules recognized by the two antibodies. This suggested that R. equispecific CTL recognition of equine alveolar macrophages was not mediated by a CD1 molecule bound by the two MAbs used.
One explanation for the lack of association between cytolysis and CD1 expression is that important lipid and/or glycolipid antigens of R. equi may be presented via equine CD1 molecules not recognized by one of the two cross-reactive antibodies. Likewise, expression of CD1 and presentation of antigen may be altered in infected APC compared to that of uninfected cells (39) . Further studies, including examination of additional antibodies, R. equi lipids, and equine CD1 genes, are likely required. Alternatively, however, other nonclassical presenta- tion systems, such as glycolipid CD1d-restricted NK T cells or peptide nonclassical MHC class I-associated CTL, may be involved in R. equi-specific CTL activity in horses (14, 15, 25) . The MHC class I molecules of the horse are incompletely characterized; however, four putative nonclassical MHC class I molecules have been identified, suggesting a potential for antigen presentation and CTL induction (21) .
In conclusion, data from this study further extend the observations regarding R. equi-specific CTL in the natural host. Specifically, the isolation of CTL from the lung of immune horses and the early development of cytotoxic activity in young foals suggests a role for CTL in protection against rhodococcal pneumonia. Further dissection of the role of ELA-A-unrestricted CTL and improved understanding of the mechanism by which these cells recognize R. equi-infected cells will provide much-needed insight into how to induce protective immunity by vaccination. Importantly, because of the ubiquitous nature of R. equi, the goal of such a vaccine may be to drive the immune response of naturally exposed foals toward the protective phenotype (e.g., induce CTL at an earlier age).
